l e t t e r s
Non-invasive imaging of gene expression can be used to track implanted cells in vivo but often requires the addition of an exogenous contrast agent that may have limited tissue access 1 . We show that the urea transporter (UT-B) can be used as a gene reporter, where reporter expression is detected using 1 H MRI measurements of UT-B-mediated increases in plasma membrane water exchange. HEK cells transfected with the reporter showed an increased apparent water exchange rate (AXR), which increased in line with UT-B expression. AXR values measured in vivo, in UT-B-expressing HEK cell xenografts, were significantly higher (about twofold, P < 0.0001), compared with non-expressing controls. Fluorescence imaging of a red fluorescent protein (mStrawberry), co-expressed with UT-B showed that UT-B expression correlated in a linear fashion with AXR. Transduction of rat brain cells in situ with a lentiviral vector expressing UT-B resulted in about a twofold increase in AXR at the site of virus injection.
Most imaging gene reporters are receptors, enzymes, or membrane transporters that generate image contrast by interaction with an exogenous imaging agent 1 . Imaging reporter expression in vivo could be used in the clinic to monitor delivery of gene therapy vectors or for cell tracking in regenerative medicine and in immunotherapy 2, 3 . Compared with direct labeling approaches that preload cells with contrast agents, gene reporters have the advantage that contrast arises from protein expression, which reports indirectly on cell viability, and that the signal is not diluted after cell division. Moreover, if the reporter is expressed from a tissue-specific promoter the location of the cell and its differentiation state can be detected.
Various gene reporters have been described for use with MRI, where these rely on different underlying contrast mechanisms 4 with most using exogenous contrast agents that alter longitudinal (T 1 ) or transverse relaxation times (T 2 , T 2 *) 5 . Reporters that produce endogenous contrast are potentially more useful, because they do not require contrast agent delivery. Endogenous reporters include those that accumulate iron, such as tyrosinase, transferrin, MagA and ferritin, although they may need to be supplemented with exogenous iron 6, 7 . Another endogenous reporter is the lysine-rich protein (LRP), which contains multiple exchangeable amide protons that can be detected using chemical exchange saturation transfer (CEST) 8, 9 . We recently identified a gene reporter based on the urea transporter (UT-B), whose expression was detected in vivo using 13 C magnetic resonance spectroscopy measurements of the apparent diffusion coefficient (ADC) of injected hyperpolarized 13 C urea 10 . UT-Bs also function as aqueous channels, transporting water at rates similar to aquaporins 11 . Therefore, we hypothesized that UT-B expression might also be detectable by 1 H MRI measurements of water exchange across the plasma membrane, thus allowing imaging of gene expression.
Intracellular water diffusion is restricted by the plasma membrane and hindered by intracellular macromolecules, resulting in a lower apparent diffusion coefficient for intracellular as compared to extracellular water 12 . Filter exchange spectroscopy (FEXSY) uses a "diffusion filter" to remove magnetization from "fast-diffusing" extracellular water and then measures the return of the magnetization to equilibrium following water exchange between the extra-and intracellular compartments ( Fig. 1a,b ). An imaging version of FEXSY (filter-exchange imaging (FEXI)) can also be used to measure the apparent exchange rate (AXR) between these compartments 13 .
We used FEXI to detect UT-B transgene expression in vivo (see Supplementary Note 1 and Supplementary Figs. 1 and 2 for validation of this imaging methodology), and introduce this as a new endogenous MRI gene reporter that produces higher levels of contrast than endogenous reporters described previously.
HEK 293T cells were transduced with a vector co-expressing, via an E2A sequence, luciferase and the red fluorescent protein, mStrawberry, or a vector co-expressing mStrawberry and UT-B (Fig. 1c) . The levels of mStrawberry fluorescence provided a surrogate measure of luciferase and UT-B protein expression. We used these cells to derive six different cell lines, five of which expressed UT-B. Lines included a monoclonal control cell line expressing luciferase and mStrawberry (EF1-l-S), a polyclonal line expressing mStrawberry and UT-B (polyclonal EF1-S-UTB), and monoclonal populations isolated using single-cell-sorting for low and high mStrawberry expression, co-expressing low and high levels of UT-B (EF1-S-UTB low, and MrI measurements of reporter-mediated increases in transmembrane water exchange enable detection of a gene reporter l e t t e r s EF1-S-UTB high), respectively ( Supplementary Fig. 3 ). We also used the PGK-S-UTB cell line, which we used previously in urea transport studies 10 . Very high levels of UT-B expression were measured in EF1-S-UTB high cells ( Fig. 1j and Supplementary Fig. 3) , which inhibited their growth ( Fig. 1d) . Water transport by UT-B was assessed by measuring decreased cell viability after incubation in hypotonic salt solutions for 5 min. In a hypotonic 0.225% salt solution expression of UT-B resulted in up to 47% and 24% decreases in viability of EF1-S-UTB high cells and EF1-S-UTB low cells, respectively, when compared to control cells.
This effect was partially reversed by addition of the UT-B inhibitor N,N′-dimethylthiourea, showing that at these expression levels UT-B mediates relatively rapid water transport across the plasma membrane ( Fig. 1e) .
FEXI images of pellets of HEK 293T, EF1-L-S, polyclonal, EF1-S-UTB, EF1-S-UTB low, and EF1-S-UTB high cell lines, revealed an increase in AXR in parallel with increases in UT-B expression ( Fig. 1f-i) . When corrected for background levels of water transport (in HEK 293T and EF1-L-S cells) the increase in AXR correlated with the increase in UT-B expression, as determined from measurements of UT-B mRNA levels using real-time PCR ( Fig. 1j, Supplementary  Fig. 4 , Spearman r = 1, P = 0.0083; linear regression with R 2 = 0.88 and slope significantly different from zero, P = 0.018). Cell viability was >95% before and after imaging. Inhibition of UT-B transporter activity in the EF1-S-UTB high cell line, with 170 mM N-N′-dimethylthiourea, decreased AXR (P < 0.001, Mann-Whitney-Wilcoxon test) to a value similar to that observed in control cells ( Fig. 1h,i) .
To assess whether exchangeable protons on intracellular proteins might contribute to the measured AXR, we performed measurements on solutions of 35% w/w and 4% w/w bovine serum albumin (BSA). At both high and low BSA concentrations, there was no measurable AXR ( Supplementary Fig. 5 ).
FEXI images were acquired from eight female mice implanted with EF1-L-S cells in one flank and EF1-S-UTB low cells on the contralateral side. A second group of four female mice was implanted with EF1-L-S cells in one flank and EF1-S-UTB high cells on the contralateral side. In two of these animals the EF1-L-S cells did not form xenografts. A third group of eight female mice were implanted with HEK 293T cells in one flank and PGK-S-UTB cells on the contralateral side. AXR maps of three representative animals from each group are shown in Figure 2 . Mean AXR values were calculated from regions of interest drawn manually around the xenografts ( Fig. 2a,b) .
Mean AXR values in the UT-B-expressing xenografts were significantly higher (P < 0.005, unpaired Mann-Whitney-Wilcoxon test), (b) At equilibrium, with no diffusion filter, a reference ADC is acquired. When the diffusion filter is applied, signal from fast diffusing extracellular water is suppressed, indicated by the black circles, resulting in a different weighting of the signal contributions from the two compartments and leading to a reduction in the measured ADC′. This decrease in ADC is determined by the filter efficiency σ. With increasing mixing times, t m , between the filter and detection modules, exchange of water between the two compartments results in an increase in the measured ADC. Relaxation back to the equilibrium ADC can be described by the apparent exchange rate constant, AXR. . 2c ). Individual AXR and mean values are shown in Figure 3c . Filter efficiency maps ( Fig. 2d) showed reduced filter efficiency in all xenografts, when compared to surrounding tissue. AXR maps ( Fig. 2e ) identified UT-B expressing cells as areas with high transmembrane water exchange, which allowed non-invasive imaging of reporter gene expression with a spatial resolution of 0.93 mm × 0.93 mm × 3 mm. Fluorescence imaging confirmed expression of the UT-B transgene, which was co-expressed with the mStrawberry transgene. Xenograft/flank mean fluorescence intensity ratios were highest in the xenografts grown from cells that had been sorted for the highest levels of red fluorescence; EF1-L-S (2.88 ± 0.46) and EF1-S-UTB high (3.22 ± 0.07), whereas lower fluorescence intensity ratios were observed for PGK-S-UTB (1.31 ± 0.14) and EF1-S-UTB low xenografts (1.23 ± 0.08), as compared to the background from HEK 293T cells (0.95 ± 0.08, Fig. 2f ). The similar fluorescence intensity ratios for PGK-S-UTB and EF1-S-UTB low xenografts were consistent with their similar AXR values. T 1 and ADC values did not show significant differences between UT-B-expressing and control xenografts ( Fig. 3a,b) , whereas AXR and fluorescence measurements consistently detected transgene expression ( Fig. 3c,d) . Remarkably, MRI measurements of AXR had a similar sensitivity to the fluorescence measurements for detecting transgene expression ( Fig. 3c,d) , with the caveat that red fluorescence is typically detected from penetration depths up to a few millimeters 14 , whereas the MRI measurements were collected from a 3 mm thick slice. Moreover, the contrast was higher for the MRI measurements (AXR was 2.33× higher in EF1-S-UTB low as compared to HEK 293T xenografts, whereas the ratio of the xenograft/ flank mean fluorescence intensity ratios was only 1.30). The xenograft/flank mean fluorescence intensity ratio correlated with the AXR values (Spearman r = 0.64, P = 0.0008; linear regression with R 2 = 0.42 and slope significantly different from zero, P = 0.0006, Fig. 3f ), demonstrating that AXR can be used as a quantitative readout of UT-B gene expression. However, the negative selection pressure imparted by the lower growth rate of the EF1-S-UTB high cells ( Fig. 1d) was manifest in the EF1-S-UTB high xenografts as a loss of UT-B mRNA expression ( Fig. 3e) and an AXR value that was lower than in the EF1-S-UTB low xenografts (Fig. 3c) . Immunostaining confirmed that mStrawberry expression was higher in the EF1-L-S and EF1-S-UTB high xenografts than in the EF1-S-UTB low xenograft and H&E staining showed that this had no discernible effect on cell viability in the xenografts (Supplementary Fig. 6 ).
Rat brain cells were transduced in vivo by direct intracranial injection of lentiviruses encoding either mStrawberry and UT-B (S-UTB), luciferase and mStrawberry (L-S) or a 50:50 mixture of the two lentiviruses. There was about a twofold increase in AXR at the site of injection of lentivirus encoding S-UTB when compared with controls that received only the L-S virus (n = 6 animals, n = 2 per injection; Fig. 4a,b and Supplementary Video 1). Viral transduction was confirmed in the animals that received the L-S virus by bioluminescence imaging of luciferase expression ( Fig. 4c) and by histological staining for mStrawberry in all rats ( Fig. 4d and Supplementary Fig. 7) . ROI analysis of the needle track, observed in the T 2 -weighted images (Fig. 4a) , and an ROI on the contralateral side of the brain confirmed an increase in AXR in brain regions injected with virus encoding for UT-B (Fig. 4e) . Fig. 3c) and in transduced brain cells in vivo (Fig. 4e) mean that UT-B is the most sensitive endogenous contrast mechanism MRI gene reporter to date, to our knowledge. For example, lysine-rich protein 8 gave only a 4.7% enhancement, tyrosinase 15 , a 35% increase in contrast in T 2 -weighted images, and ferritin 16 , a 12% increase in R 2 (Supplementary Table 1) . Detection of UT-B expression using AXR measurements is similar conceptually to CEST measurements of lysine-rich protein expression. However, in contrast to these measurements, in which rapid exchange of protons between micro-to millimolar concentrations of lysine-rich protein 17 (Supplementary Note 2) and intracellular bulk water is measured (the proton exchange rate for poly-l-lysine is 403 s -1 ; ref. 18) , FEXI measures exchange between a much larger pool of protons in intracellular water (>40 M) and the extracellular water pool, albeit at a much slower exchange rate (~4-6 s −1 AXR). The much larger pool size of intracellular water, when compared to the water-exchangeable protons bound to lysinerich protein, compensates for the slower transmembrane exchange measured by FEXI. CEST detection of LRP might be improved by using more sophisticated methods for measuring CEST contrast 19 . Nevertheless, comparison of the contrast-to-noise ratio (CNR) 20 and CNR efficiency of the in vivo FEXI data presented here with CEST data from a recent study 9 shows that FEXI detection of UT-B is more sensitive (CNR of 4.3 versus 1.6 and CNR efficiency of 1.1 versus 0.5; Supplementary Table 2 ). FEXI has a second advantage compared with CEST in that contrast can only arise from intact cells.
Cell dilution experiments in vitro (Supplementary Fig. 8 ) and our lentivirus experiments in vivo (Fig. 4) indicate a UT-B detection sensitivity of 10 4 -10 5 cells/voxel (Supplementary Note 3) , which is similar to the limit for 19 F NMR detection of cells labeled with fluorinated tracers 3, 21 . Modeling experiments presented in Supplementary Figure 9 predict that detection of UT-B at lower cell densities might be possible.
The sensitivity of AXR measurements depends on the extent to which the diffusion filter suppresses extracellular signal, and on the background water exchange rate. Background AXR might change owing to other factors, such as inflammation 22 , which has the potential to confound measurements of UT-B expression. One drawback of FEXI is the limited spatial resolution (~0.94 × 0.94 × 3 mm 3 in the current study) because of the loss of signal resulting from the use of two diffusion modules. 3D-FEXI implementations using retrospective gating and slab-selective diffusion filtering could be used to improve both signal-to-noise ratio and spatial resolution, especially if combined with parallel imaging. Sensitivity might also be improved by increasing UT-B expression, although when highly expressed (>700 µM, see Supplementary Note 2), it can inhibit cell growth in vitro (Fig. 1d) and result in loss of expression in proliferating cells in vivo (Fig. 3e ). An inducible system for UT-B gene expression might be helpful, or other water channels, such as the aquaporins could be adopted because they transport water at similar rates to UT-B 23 but have a different mechanism and therefore might not inhibit cell growth upon overexpression. Even though low levels of UT-B expression did not affect cell growth in vitro, the long-term effects of UT-B expression on cell function will need to be examined. l e t t e r s
The FEXI experiment described here could be used in the clinic. Although sensitivity would decrease at the lower magnetic field strengths used in the clinic (about threefold at 3 T) magnetic field homogeneity would be improved, making the echo-planar imaging (EPI) readout used in the FEXI experiment less prone to artifacts 24 .
In summary, we report that UT-B can be used as a gene reporter for MRI, free of contrast agent, that relies on endogenously generated contrast, and whose expression is detected by increases in transmembrane water exchange. The UT-B reporter could be applied to track cells non-invasively, to analyze cellular differentiation states in vivo or to monitor the delivery and expression of gene therapy vectors.
METHodS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. Generation of virally transduced cell lines. An EF1 promoter was used to drive transcription of the red fluorescent protein, mStrawberry, and the urea transporter (Mm_UTB, NCBI reference sequence NM_001171010.1) or firefly luciferase. The mStrawberry coding sequence was separated from the UT-B or luciferase coding sequences by an E2A sequence (EF1-S-UTB or EF1-l-S), which resulted in the expression of mStrawberry and UT-B or luciferase in equimolar concentrations from a single mRNA transcript. The generation of a PGK-S-UTB plasmid, where expression was driven by a PGK promoter, has been described previously 10 . The transgenes were assembled into the lentiviral vector, pBOBI 27 (a gift from the Verma laboratory, Salk Institute, La Jolla, USA). Lentiviruses were produced by co-transfecting HEK 293T cells with EF1-S-UTB, EF1-L-S or PGK-S-UTB plasmids and the packaging plasmids. Supernatants containing lentiviruses were collected 72 h after transfection, mixed with polybrene (8 µg/ml) and used to infect HEK 293T cells. After 72 h, cells displaying similar levels of red fluorescence were sorted, using a BD FACSAria cell sorter.
RNA extraction, reverse transcription and qPCR. Total RNA was isolated from cells using an RNeasy kit (Qiagen). For xenograft material, RNA was extracted using RLT Reagent (Qiagen, Venlo, the Netherlands) using the manufacturer's protocol. Functional assay for UT-B expression. UT-B activity was assessed by placing cells in a hypoosmotic solution (0.225% NaCl) and assessing their viability. In this hypoosmotic medium UT-B-expressing cells, with faster transmembrane water transport, were expected to increase in volume at a greater rate than non-expressing cells and therefore show lower viability. Cells were grown to 60% confluence and then resuspended in 0.9% and 0.225% NaCl solutions, incubated on ice for 5 min, and then their viability and total cell count assessed using ViCell. For each experiment 50 images were analyzed and each experiment was repeated four times. Cell viability was defined as the percentage of unstained viable cells at 0.225% NaCl compared to the number at physiological salt concentration (0.9% NaCl). The quoted error is the s. Viral transfection in vivo. Lentiviral particles were produced as described previously 28 and titered using a MACSQuantVYB benchtop flow cytometer. Six-week-old (150-190 g) female CD IGS rats (Charles River UK Limited, Kent) were anaesthetized by inhalation of 1-2% isoflurane (Isoflo, Abbotts Laboratories Ltd., UK) in air/O 2 (flow rate 2 L min −1 ). Analgesia was administered subcutaneously (Vetergesic, Alstoe, York, UK) containing 0.3 mg/ml buprenorphine hydrochloride and 0.135% w/v chlorocresol diluted 1:10 in 0.9% sodium chloride, and 1 ml/kg of subcutaneous Rimadyl LA (Pfizer, New York, USA) containing carpofen 5 mg/kg diluted 1:10 in 0.9% sodium chloride). Respiratory rate was monitored at maintained at ~60 breaths min −1 with core body temperature maintained via a heat pad. Animals were transferred to a stereotactic surgical frame (Kopf, Tujunga, USA) and the head underwent three-point fixation using ear bars and a metal bit. The scalp was shaved and washed with aqueous Videne (Ecolab, USA). A midline incision was performed and pericranium stripped. A 1 mm burr hole was drilled freehand at 2 mm anterior and 3 mm lateral to the bregma (right-side). A 23-gauge full displacement syringe (SGE Analytical Science, Melbourne, Australia) was filled with 5 µl of virus mixture at 1.7 × 10 10 viral particles µL −1 before being inserted 6 mm intracranially. Upon withdrawal by 1 mm, the contents of the syringe were injected into the right caudate nucleus at 2 µl min −1 . The syringe was removed over 30 s and the burr hole filled with bone wax (Ethicon, Norderstedt, Germany). Interrupted 6/0 undyed absorbable vicryl rapide sutures (Ethicon, Norderstedt, Germany) were used to close the wound, which was then covered using tissue glue (GLUture, US) after which the animal was recovered in a hot box. Rimadyl LA (1:10 0.9% saline) was given for 48 h post-operatively as analgesia.
MRI. Magnetic resonance imaging was done using a 9.4 T horizontal bore small animal MRI scanner (Agilent, Palo Alto, USA) using a transmit-receive 4 cm inner diameter Millipede coil (Agilent, Palo Alto, CA). After placement of the animal in the scanner, scout images were acquired using 3D gradient echo and coronal fast spin echo sequences for animal positioning. First-order shimming was done using an automated non-selective FID-based procedure and was then further optimized using slice-selective manual shimming using a PRESS sequence. Line widths for 3 mm axial slices were ~90 Hz in vivo and 30 Hz in vitro. Mice were anesthetized by inhalation of 1.5 -2.5% Isoflurane (Isoflo, Abbotts Laboratories, Maidenhead, UK) in 75 air/25% O 2 (2 l min −1 ) delivered via a facemask. Body temperature was maintained by blowing warm air through the magnet bore. Breathing rate (30-40 b.p.m.) and body temperature (37 °C) were monitored during experiments (Biotrig, Small Animal Instruments, Stony Brook, USA). Respiratory triggering was used for all measurements such that images were acquired during the expiration phase. An axial slice of 3 mm thickness was positioned in the center of the two xenografts and a reference image was acquired using a fast spin echo sequence (repetition time ≥ 2 s, matrix size: 256 × 256, field of view (FOV): 3 cm × 3 cm, TE = 20 ms, turbo factor = 8). RF pulse power calibration was performed using a slice at the same spatial position but 5 mm thick. MRI of rat brains was performed
